Abstract. For a set of five moderate disturbance events, we calculate the total number of He + ions removed the plasmasphere using calibrated global EUV images. In each of the events, between ∼0.6 and 2.2×10 30 He + ions are removed from a region of the inner magnetosphere from L = 1.5 to 5.5. This loss constitutes between 20% and 42% of the initial He + distribution. The lost percentage is correlated with the number of hours of strongly positive solar wind electric field (E y > 2.5 mV/m). Also, the total amount of material removed from the plasmasphere is estimated by using several values of the He + to H + number density ratio. The total mass lost is found to be in the range of 20 to 80 metric tons although for each individual case the estimate can vary by over 50% depending on assumed density ratio. We also attempt to distinguish between losses to the ionosphere and losses to the dayside boundary layers by estimating losses interior and exterior to the newly formed plasmapause boundary. For the events studied, losses inside the new plasmapause constitute between 24% to 54% of the total number of He + ions lost.
Introduction
The plasma that populates the Earth's vast magnetospheric cavity originates from two sources, the ionosphere and the solar wind. Within the inner magnetosphere, the plasmasphere acts as a massive intermediate reservoir of ionospheric plasma. On a diurnal cycle, solar illumination on the dayside of the Earth results in an up-flow of ionospheric material that fills plasmaspheric flux tubes (e.g., Park, 1970 Park, , 1974a Chappell et al., 1971; Galvan et al., 2008) . On the nightside of Correspondence to: M. Spasojevic (mariaspasojevic@stanford.edu) the Earth, the ionosphere rapidly recombines, and a downward flow from the plasmasphere acts to partially maintain the nocturnal ionosphere (Park, 1970; Zhang et al., 1999; Galvan et al., 2008) .
During geomagnetic storms, a more dramatic redistribution of plasmaspheric plasma occurs. Enhanced magnetospheric convection strips away the outer layers of the plasmasphere, and the combined action of convection and corotation leads to the formation of a plasmaspheric drainage plume in the afternoon local time sector (e.g., Grebowsky, 1970; Spasojevic et al., 2003) . Solar wind-driven convection may be aided by internal coupling processes that produce fast but latitudinally narrow westward flow channels in the dusk sector (e.g., Anderson et al., 2001; Foster and Vo, 2002) . These fast flows may significantly increase the rate of plasma transport from the duskside plasmasphere to the dayside magnetosphere during geomagnetic disturbances (Goldstein et al., 2003a) . Using whistler data during a geomagnetic storm, Park (1970) estimated that ∼ 3 × 10 31 electrons and ions were removed from the plasmasphere, more than half the plasma stored in the quiet time plasmasphere, based on removal of essentially all plasma in a belt extending globally from L = 3.5 to 5.
In addition, significant plasma depletions occur interior to the new plasmapause boundary (Park and Carpenter, 1970; Park, 1973; Carpenter et al., 1993; Chi et al., 2000) Flux tubes inside the shrinking plasmapause remain on closed drift paths and thus losses are likely not due to convection. In order to explain the plasmaspheric density reductions as well as nighttime enhancements in the mid-latitude ionosphere, Park (1971) first proposed a draining of the flux tubes along the magnetic field lines and consequent dumping of plasma into the ionosphere. Enhanced convection during storms moves nightside plasmaspheric plasma from higher to lower L-shells with smaller volumes, thus increasing the plasma pressure in the magnetic flux tube and downward plasma fluxes. This draining from the plasmasphere 28 M. Spasojevic and B. R. Sandel: Plasmaspheric losses may contribute significantly to the positive enhancements observed in the nightside mid-latitude ionosphere (Park, 1974b; Jakowski et al., 1990; Szuszczewicz et al., 1998) . However, other studies have provided different thoughts to the interpretation. Clilverd et al. (2000) questioned if the downward flux could suffice or sustain long enough to explain the observed plasmaspheric depletion. Studies by Chi et al. (2000) and Kawano et al. (2006) have conjectured that the internal depletion of the plasmasphere could be due to the reduced level of ionospheric outflow during concurrent negative ionospheric storms.
The large scale redistribution of cold plasma during storm intervals has wide ranging implications for a variety of other magnetospheric and ionospheric processes. Storm-time plasmaspheric structures have been found to be strongly associated with ionospheric density features, and specifically plasmaspheric plumes have been linked to the ionospheric storm enhanced density (SED) feature as well as polar cap patches Foster et al., , 2004 . Within the inner magnetosphere, the distribution of cold plasma directly affects resonant wave-particle interactions and thus profoundly influences energetic particle distributions (e.g., Horne et al., 2005; Spasojevic et al., 2005) . Eroded plasmaspheric material is transported sunward and is regularly observed near the dayside magnetopause boundary (Freeman, 1969; Carpenter et al., 1993; Chen and Moore, 2006) . Here, the enhanced dayside plasma density may limit the rate of reconnection (through a reduction in the Alfvén speed) and thus influence the global convection pattern (Hesse and Birn, 2004; Chen and Moore, 2006; Borovsky and Denton, 2006) . After reaching the dayside magnetopause, plasmaspheric material can then be transported on reconnected field lines over the polar cap and down the magnetotail (Su et al., , 2001a . It is unclear what portion of the formerly plasmaspheric material is drained down the magnetotail and lost to the solar wind as opposed to entering the plasma sheet and being eventually recirculated into the inner magnetosphere (Freeman et al., 1977; Elphic et al., 1997; Borovsky et al., 1997) . Plasma sheet ion density and composition measurements (e.g., Lennartsson and Shelley, 1986) suggest that although some fraction of this eroded plasmaspheric material may join the plasma sheet, the vast majority of it is likely lost to the solar wind before the field line reconnects in the distant magnetotail.
In order to further understand the potential influence of plasmaspheric material on other magnetospheric processes, it is important to quantify the amount of material removed from the inner magnetosphere during disturbance intervals. Previous attempts to quantify plasmaspheric losses during storms have relied on projections based on local measurements (Park, 1970; Elphic et al., 1997; Foster et al., 2004 ). Here we use data collected by the global plasmaspheric imager that operated onboard the IMAGE spacecraft (Burch, 2000) in order to make true global estimates of plasmaspheric losses. For a set of five moderate disturbance intervals, we calculate the global loss of plasmaspheric He + ions (the second most abundant plasmaspheric species). We relate the total loss to degree of solar wind driving, specifically, the solar wind electric field. Further, we attempt to estimate the amount of material lost inside versus outside the new plasmaspause boundary. Finally, using several estimates of the He + to H + density ratio, we calculate the total mass of material removed from the inner magnetosphere during the events.
Observations
The Extreme Ultraviolet (EUV) imager provided the first global images of the Earth's plasmasphere (e.g., Sandel et al., 2001 Sandel et al., , 2003 . EUV imaged the He + distribution in the inner magnetosphere by detecting resonantly scattered 30.4-nm solar radiation. The intensity of the detected emission is directly proportional to the He + column density along the line of sight from the spacecraft (located at high altitude above the Northern Hemisphere polar cap) through the plasmasphere. The images are calibrated using the instrument response and the 30.4 nm solar EUV flux as measured by the SOHO CELIAS/SEM and TIMED/SEE instruments such that the color scale indicates the He + column density (ions per cm 2 ). The uncertainty in the EUV sensitivity is estimated to be ±25%.
The EUV images are mapped to the Solar Magnetic (SM) equatorial plane using a dipole field model and the minimum-L technique of Roelof and Skinner (2000) . The minimum-L technique maps each pixel of the EUV image to the equatorial crossing of the minimum dipole L-shell along the line of sight. This technique is applicable since densities in the plasmasphere rapidly fall with increasing L-shell, and thus the innermost regions penetrated by a given line of sight contribute the most to the observed 30.4-nm intensity . Nevertheless, there are contributions to the column density from higher L values mapped at any given equatorial pixel. This becomes important for estimates of loss inside the new plasmapause location in Sect. 5. We also note that the mapping of images to the equatorial plane first requires that the Earth's center position be manually selected, a procedure which constitutes a small source of uncertainty in the mapping.
Since the EUV technique relies on solar illumination, the column density values in the shadow of the Earth are invalid. For the May/June 2001 period, we find that the Earth's shadow primarily affects the images (reduces the nightside intensity) out to a radial distance of about 3.5 R E . Beyond that distance, the image intensity appears to be insensitive to the shadow possibly as a result of the large dipole tilt during those months. In addition, the instrument has some residual sensitivity at longer wavelengths. At low altitudes, the images are contaminated by atmospheric He 58.4-nm and O + 53.9-nm emissions. Therefore, for the analysis performed here, the region inside 1.5 R E and in the shadow of the Earth extending to 3.5 R E is masked out. In addition, the images are masked outside of 5.5 R E in order to compare identical viewing areas for all events.
Event analysis
Five disturbance periods are examined in order to study the global loss of plasmaspheric material. These events were selected from a relatively active solar interval in 2001 and also at a time when the apogee of IMAGE was high in the Northern Hemisphere and thus the EUV field of view contained the majority of the plasmasphere in a near-equatorial projection for a long period of time. For each disturbance, two EUV images were selected, one from before or near the disturbance onset and another from near the end of the main phase or the beginning of recovery. The two images were selected one orbit apart with the requirement that at all magnetic local times, L ≤ 5.5 was within the field of view. The total time between the "before" and "after" images was between 12.4 and 15.5 h for each of the five events. Figure 1 shows an example from 18 June 2001. The EUV image at 02:53 UT (left panel) captured the He + distribution in the plasmasphere before the disturbance onset. The plasmasphere is expanded with the plasmapause located beyond 4 R E (white circle) at most local times. The image from ∼14.1 h later (right) captured the beginning of the recovery phase. The plasmapause has been eroded to low L and the remnant of a plasmaspheric plume (e.g., Spasojevic et al., 2003; Goldstein and Sandel, 2005) can be seen at dusk. Qualitatively, a comparison of the two EUV images shows that a large volume of plasma has been removed especially from the outer plasmasphere. Of particular interest is that in the noon sector, plasma has been eroded down to L 2. The lower panel of Fig. 1 shows the solar driving during the intervening time between the images. Plotted is the solar wind electric field, E y that is the solar wind velocity GSM x-component, v x , times the GSM z-component of the IMF. These data were obtained from the ACE MAG (Smith et al., 1998) and SWEPAM (McComas et al., 1998) instrument and time shifted to the magnetopause. The solar wind electric field is a proxy indicator for the strength of magnetospheric convection (e.g., Shepherd, 2007) . During the intervening time between the two images, the IMF B z had been strongly southward for many hours, corresponding to a positive value of E y . A plasmaspheric plume had formed in the afternoon sector and after the northward IMF turning at ∼15:00 UT, began to rotate across dusk. The other four events are displayed in Fig. 2 . As can be seen, both the initial and final distribution of He + ions in the plasmasphere is highly variable from event to event, both in terms of the radial extent of the plasmapause as well as the density of plasma interior to the boundary.
Calculation of He + losses
For each of the five disturbance periods, the total number of He + ions in the plasmasphere before and after the disturbance was calculated. This was done by integrating the He + column density over the entire equatorial plane (excluding the masked out regions). Figure 3 shows the initial and final number of He + ions in the inner magnetosphere for each event. The events are ordered by the He + loss percentage, that is the fraction of the initial distribution of He + that was removed during the event interval. The initial amount of He + in the inner magnetosphere for these events was on the order of ∼3.4-4.3×10 30 ions and ∼20-40% of the initial distribution was removed within a period of 12.4-15.5 h. Table 1 also lists the percentage of He + ions lost and the total number of He + ions lost for each event. The number of ions lost also includes an estimate of the error associated with the measurement based on the uncertainty in the EUV sensitivity. The total number of He + ions lost is in range of ∼0.6-2.2×10 30 for the five events studied. In this analysis, we have made no attempt to account for the expected dayside refilling nor nightside depletion of plasmaspheric material. Our calculations simply represent the total change in the He + content between the two images. We also note that there may be contributions to the column density along the line of sight from IMAGE that are outside the plasmasphere. However, these contributions are expected to be small, i.e., significantly less than the uncertainty in the EUV sensitivity. 
Estimation of the partitioning of losses
Next, we make a first order estimate the amount of He + lost inside versus outside the new plasmapause boundary. In the second of the two images for each case, a plasmapause boundary is manually selected using the technique of Goldstein et al. (2003b) with the exception that the plasmapause must be single valued at a given local time. The selected plasmapause location for 18 June 2001 event is shown in the right panel of Fig. 5 , and the final plasmapause location is overlaid on the initial image in the left panel. As can be seen, the restriction of the single valued plasmapause causes the plasmaspheric plume, located near 18 MLT, to be somewhat artificially cut off. In order to select the single valued plasmapause near the plume region, we follow the western edge of the plume until it begins to curve to earlier local times and then draw the boundary across the plume to its eastern edge. Once the boundary is selected, the losses are calculated on either side of the final plasmapause location. Figure 6 shows the total number of He + ions that were lost inside versus outside of the newly established plasmapause boundary. For example, for the 18 June 2001 event, 76% of the loss is estimated to have occurred outside the boundary while the remaining 24% of the loss occurred inside. For all except the 2 June 2001 event, a greater percent of the total loss occurred outside the new plasmapause.
The calculation of the partitioning of the losses inside versus outside of the plasmapause is considered a first order estimate for several reasons. First of all, losses within the shadow region are not accounted for. For each event, the shadow region is almost entirely contained within the new plasmapause and comprises ∼8-14% of the area inside that boundary. Thus, we expect that as a result of a lack of measurements in the shadow region, the percentage of the loss occurring within the plasmapause is under-estimated using the current technique. On the other hand, the minimum-L technique used in mapping the images to the equatorial plane includes in every pixel contributions from field lines at higher L. This will then result in an over-estimate of the losses inside the new boundary. The effect of the image mapping could be partially overcome through image inversion, which would produce a three-dimensional density distribution. However, this procedure also has uncertainty, since the inversion inherently depends on the assumed field aligned distribution. Even after the inversion, densities in the shadow region would be unknown. In the end, we believe that our first order estimate of the loss partitioning is a reasonable one based the competing uncertainties in the calculation.
Estimation of the total mass of material lost
Next, we estimate the total number of ions as well as the mass of material lost from the plasmasphere for each of the disturbed periods. For this calculation, an assumption needs to be made as to the relative concentration of He + to the other ion species, primarily H + and O + . One simple approach is to use a constant density ratio between species throughout the entire plasmasphere. However, a more accurate estimate can be made by using an empirical relationship derived from a statistical study of data from the retarding ion mass spectrometer (RIMS) on the Dynamics Explorer spacecraft (Craven et al., 1997) .
Using DE-1/RIMS data over a 3.25 year period covering both high and low solar activity, Craven et al. (1997) examined the He + to H + number density ratio defined as The He + to H + density ratio from the Craven et al. (1997) formula as a function of radial distance for the minimum (P = 135) and maximum (P = 172) solar activity of the five study intervals.
α ≡ n He + n H + and found that α is primarily a function of geocentric distance and the solar EUV input. The ratio appeared to have no dependence on geomagnetic activity, and a weak dependence on local time, season, latitude and L value. The authors empirically derived the follow expression for the ratio:
log 10 α = −1.541 − 0.176r + 8.557 × 10
where r is geocentric radial distance in R E and P is a proxy measure of solar activity defined by P = F 10.7 + F 10.7A 2 where F 10.7A is the 81-day average of the daily 10.7-cm solar flux (F 10.7 ). Figure 7 shows the density ratio computed using Eq. (1) for the minimum (P = 135) and maximum (P = 172) solar activity of the five study intervals. Based on this dependence of α on R E and since EUV measures only the He + content, using a constant density ratio will tend to overestimate the total number density at small radial distances and underestimate the total number density at larger radial distances.
For each of the five study intervals, the total mass of plasma removed from the plasmasphere was estimated 3 different ways: 1) using Eq. (1) 2) using a constant ratio α = 0.10, 3) using α = 0.05. Unfortunately, a large statistical evaluation of the O + concentration is not currently available. Thus, we use a constant H + to O + density ratio of 0.01 for all three estimates consistent with case studies by Horwitz et al. (1990) . The total mass was calculated as the sum of the total masses of H + , He + , O + ions with an equal number of Event: He + Mass: 6 Fig. 8 . The total mass of plasma in metric tons removed from the inner magnetosphere for each of the disturbance intervals calculated using two constant density ratios, α = 0.10, and α = 0.05 and by allowing the ratio to vary as a function of radial distance and solar EUV input.
electrons. As can be seen in Fig. 8 , the total mass removed from the plasmasphere for the moderate disturbance events is rather large, on the order of several tens of metric tons. It is important to note that the choice of α can cause the total estimated mass to vary significantly. When using a constant ratio, the total mass loss scales linearly with He + mass lost (show below the event date). However, the initial plasma distribution as well as the He + mass lost contributes to the total mass lost when using Eq. (1). For example, on both the 28 May 2001 and 8 May 2001 events, about 9.2 metric tons of He + was lost, and thus when using the constant ratio, the total mass lost is similar between the two events. However, when estimating the total mass lost using Eq. (1), the 28 May 2001 loss estimate is ∼15 tons higher than 8 May 2001. This result is due to the fact that the initial plasma distribution on 28 May 2001 (Fig. 2) extends to higher radial distances where the He + distribution underestimates the total distribution according to Craven et al. (1997) . Table 1 lists the total number of ions removed from the plasmasphere, using the Craven et al. (1997) formula and along with an estimate of the associated error in the measurement based on the EUV sensitivity. For the events examined here, the total number of ions lost is in the range of ∼1.4-2.9×10 31 .
Summary
For a set of moderate disturbance periods (none with Sym-H< −100 nT), we calculate the total amount of He + removed from the plasmasphere using calibrated global EUV images.
In each of the events, between ∼0.6 and 2.2×10 30 He + ions are removed from a region of the inner magnetosphere from L = 1.5 to 5.5. This loss constitutes between 20% and 42% of the initial He + distribution. The lost percentage is correlated with the number of hours of strongly positive solar wind electric field (E y >2.5 mV/m). From these calculations, the total amount of material removed from the plasmasphere is estimated by using several values of the He + to H + number density ratio. The total mass lost is found to be in the range of 20 to 80 metric tons although for each individual case the estimate can vary by over 50% depending on assumed density ratio. Plasma removed from the plasmasphere during disturbance periods is either transported to the dayside boundary layers or lost to the ionosphere. Although in the current analysis we cannot distinguish between these two mechanisms, we did attempt to estimate the loss inside versus outside the new plasmapause boundary. For the events studied, losses inside the new plasmapause constitute between 24 and 54% of the total number of He + ions lost confirming past local reports of significant internal plasmasphere depletion during storms (Park and Carpenter, 1970; Park, 1973; Carpenter et al., 1993; Chi et al., 2000) The calculations presented here were based on global plasmaspheric data, and our results are consistent with previous projections of plasmaspheric losses based on local measurements. Park (1970) estimated plasmaspheric losses during a storm to be ∼ 3 × 10 31 electrons based whistler data indicating the removal of plasma in a belt extending from L = 3.5 to 5. Similarly in our study, we estimate that the total number of ions lost from the plasmasphere varied from ∼ 1.4 to 2.9×10 31 using the He + to H + density ratio formulated by Craven et al. (1997) although we note that our estimate includes the range of L = 1.5 to 5.5. Several studies have estimated the rate at which plasma within the plasmaspheric plume is transport sunward during disturbance intervals. Elphic et al. (1997) used geosynchronous measurements of ion density and an estimated convection speed to project that ions could be transported out of the inner magnetosphere at a rate of 0.37 × 10 27 ions/s. Similarly, Foster et al. (2004) used ground-based radar measurements and an EUV measurement of column densities in the plume during a large storm event to estimate a loss rate of 1.5 ×10 27 ions/s. To compare to the current study, we can calculate the average loss rate by dividing the total number of ions lost by the number of hours of E y >2.5 mV/m (see Table 1 ) and further assuming that on average 65% of the ions lost are transported toward the dayside boundary layers (mean value of our estimated losses outside the new plasmapause, see Fig. 6 ). Thus, we estimate a average loss rate of ∼ 0.38−2.1×10 27 ions/s consistent with the Elphic et al. (1997) and Foster et al. (2004) studies.
In conclusion, solar-wind driven magnetospheric convection results in a massive redistribution of cold plasma in the magnetosphere with several tens of metric tons of material being removed from the plasmasphere even for relatively modest storm intervals. The quantification of loss performed here is an important step in understanding the implications of this mass redistribution on other magnetospheric and ionospheric processes including wave-particle interactions, dayside reconnection, and magnetosphere-ionosphere coupling.
